ABSTRACT. We show that, contrary to the simple prediction, most AGNs show at best only a small increase of lags in the J, H, K, and L bands with increasing wavelength. We suggest that a possible cause of this near simultaneity of the variability from the near-IR to the mid-IR is that the hot dust is in a hollow bi-conical outflow of which we only see the near side. Although most AGNs show near simultaneity of IR variability, there was at least one epoch when NGC 4151 showed the sharply increasing IR lag with the increase of the wavelength. This behaviour might also be present in GQ Comae. We discuss these results briefly. The relative wavelength independence of IR lags simplifies the use of IR lags for estimating cosmological parameters.
Introduction
The variable near-IR radiation of active galactic nuclei (AGNs) is usually associated with the part of the optically-thick dusty torus closest to the central source (Hönig & Kishimoto 2011) . The presence of such a torus is the key to explaining the observed differences in the spectra of type-1 and type-2 Seyfert nuclei by the torus blocking our direct view of the broad emission lines and the thermal continuum emitted by the accretion disc (AD). It is also believed that the dusty torus radiates in the infrared, as a result of heating by shorter wavelength radiation from the accretion disc and Xray emitting corona. Closer to the centre the dust is completely (or largely) sublimated and delayed infrared variability gives us the estimate of radius of the "dust holes" around the central source (Oknyanskij & Horne 2001) , i.e., the radius of the region where the dust is absent. The work we present here is a continuation of our series of papers in which we measure the radius of the "dust holes" in the NGC 4151 and other AGNs from the delay of the variability in the near infrared relative to the optical variability (see details and references at Oknyanskij et al. 1999 , Oknyanskij & Horne 2001 , Oknyansky et al. 2014a . Despite the significant growth in theoretical and observational studies of AGNs in the IR, our knowledge of the dust, its origin, kinematics, and detailed morphology remains very incomplete.
The number of IR lags determined at different wavelengths for AGNs is not large. At the time of publications by Oknyansky et al. (1999) , Oknyanskij & Horne (2001) , there were just a few estimates of IR lags at different wavelengths. The first results were somewhat controversial. Some objects (NGC 4151, GQ Comae) showed a sharp increase of lag with wavelength in the IR. These differences in the lags (the lags in the L band were 3 times longer than in the K band) were in a good agreement with simple model predictions that cooler dust is farther from the centre than hotter dust (Barvainis 1987) . Therefore Oknyansky & Horne (2001) considered those results to be normal and used the observed increase to correct observed IR lags for red shift. However, at that time at least one object, Fairall 9, was known to have about the same lags for the H, K and L bands. Oknyanskij et al. (1999) interpreted this in the following way: if the minimum distance from the central source to the dust clouds corresponds to a brighter state of the nucleus well before the interval under study, then the differences in the lags for K and L will be insignificant, as was observed in the Fairall 9. If, alternatively, this minimum radius roughly corresponds to the maximum nuclear luminosity in the interval under consideration, 1 then a marked difference in the lags for K and L must be observed, as it was the case for NGC 4151. This interpretation gives us observational prediction for NGC 4151 -at another time when it goes into a low state we will see similar IR lags for different IR wavelengths. This was indeed found for NGC 4151 in subsequent papers by Oknyansky et al (2006 Oknyansky et al ( , 2014a . In order to investigate the reliability of these results, we have been collecting all available time lag data in different IR bands for AGNs to see how often this phenomenon is observed. (Oknyanskij 1993) ) to published photometric data. Examples of MCCFs are given just for NGC 7469 in Fig. 1 . In most cases our results are in a good agreement with results obtained before using other methods. In a few cases, our new results (for Ark 120, Mrk 509) disagree with the values obtained before by Glass (2004) . This is in part because of misprints in Glass (2004) . We have also used some unpublished optical data. JHKL photometric data are available for many AGNs. Support for our values for the IR lags for Ark 120 and Mrk 509 comes from them being in good agreement with the luminosity-IR delay relation (Oknyanskij 1999; Okyanskij & Horne 2001) . As can be seen from Table 1 , for most of the objects, time lags at different IR bands are similar. Only for one object, GQ Comae, do we see difference at about a factor of three between lags in the L and K bands. A similar difference was seen for NGC 4151 but only during the long, very high state which was the only one during last 110 years (Oknyanskij et al. 2013 ). The probability of observing an object exactly in its highest state is not large. Perhaps this is the reason why we see similar IR lags at different wavelengths for most of objects. The similar IR lags at the near and mid-IR were recently predicted in the model of a compact IR region as a part of dust torus by Hönig & Kishimoto (2011) . They considered the case in which the dust is located much farther then the sublimation distance. For the more realistic case of an IR region that is not too compact, the predicted values of the peak of the cross-correlation functions are too low in comparison to observed ones. Some new observations show that hot dust clouds radiating in the mid-IR are located more in the polar regions (Hönig et al. 2013 ) than in the torus. Those results were explained by opticallythin, dusty wind which is launched from the hottest and inner region of an optically-thick dusty disk. The beginning of this outflow with the hottest dust can be connected also with near-IR radiation. So we considered an alternative model where the variable near-and mid-IR radiation arises from the near side of a hollow, bi-conical outflow of dust clouds. Oknyansky (1999) and Oknyanskij & Horne (2001) where the IR lags for the object were found first time.
Observed IR time lags

A hollow, bi-conical, outflow model
If, as it is often depicted, the dust is in a flattened distribution in a plane approximately perpendicular to the line of sight, the lag, τ , gives the distance, cτ , of the emitting region from the central source. Therefore, if the IR lags are similar, as seems here usually to be the case, dust of different temperatures would be at approximately the same radii. An alternative possibility, that does not require dust of different temperatures to be at similar radii, is that the hot dust is the inner surface of a hollow conical outflow. As it is shown in Fig. 2 , the part of the cone on the nearside of the AGN has its surface approximately tangential to the iso-delay surfaces for response to variations of the continuum when viewed from near face-on (as is usually the case for type-1 AGNs). The cone on the far side gives a much more spread out response and, since the material in the equatorial plane (what will be come the accretion disc) is optically thick, the response of the far side of the cone is probably not seen. We show the inner wall of the near side of the hollow bi-cone in Fig.3 . IR and optical light curves of an object are connected through a response function Ψ(τ ) that depends on geometry and physical properties of the emitting medium:
Ψ(τ ) can be explained as a response of the medium to a central source's UV impulse in the form of the δ-function. We assume that the optical and UV variability occurs almost simultaneously. We can use Ψ(τ ) from a model or we can try to estimate it from the real data using some methods for solving ill-posed inverse problems (see the next paragraph). Then we can investigate the structure and physical properties of the emitting medium through comparison of response functions, obtained from observational data, with ones, predicted by different models.
We have calculated Ψ(τ ) directly for our model via Monte-Carlo simulations with 10000 dust cloudlets distributed randomly within the hollow bi-conical space given by parameters H, R min , R max , β, α, ∆α (see Fig. 3 ). We also take into account the dependence of the UV flux on distance to the central source S and the anisotropy of the UV radiation. To get the Ψ(τ ), we consider a short δ-function UV pulse at t = 0 and treat each cloud as a point-like object which re-radiates in the IR only when it receives the UV pulse at a time lag τ . The lag is simply light travel time for the fixed distance from S to the cloud.
We obtain two response functions for two different regions: one close and one further away from S (see 
Reconstruction of response functions from real data
Unfortunately, we cannot obtain Ψ(τ ) directly from (1), because the observational data are unevenly spaced and have long gaps. So we propose a new approach for recovery of the response function that combines the cross-correlation analysis of observational unevenly spaced time series and Tikhonov regularization.
As can be easily shown, the cross-correlation function CCF FIRFopt is a convolution of the autocorrelation function ACF Fopt with Ψ(τ ):
There are several methods of cross-correlation analysis which allow obtaining cross-correlation function for unevenly spaced time series. We use the MCCF method (see details and references at Oknyansky et al. 1999 Oknyansky et al. , 2014a . The advantage of the MCCF method is that it imposes a limit on the interpolation which is necessary for unevenly spaced data. For our purposes we used only the central part of the MCCF peak with the length 80 days (±40 days from the peak delay). • , α = 30
2 , axial anisotropy of the UV radiation is given by
1/2 (Netzer 2015). Solid line: R min = 120 ld, R max = 140 ld; dashed line: R min = 140 ld, R max = 160 ld. N is the number of clouds responding per day.
The equation (2) is a Fredholm integral equation of the first kind with the convolution kernel. This is an ill-posed problem. Such problems can be solved using the Tikhonov regularization approach (Tikhonov et al. 1995 ) that allows one to find approximate solution, taking into account a priori information about the function sought, e.g., the smoothness of the solution or its closeness to some model (Koptelova et al. 2005) .
Assuming that Ψ(τ ) is a square integrable function, we compose the Tikhonov smoothing function:
(3) Provided that the regularization parameter α is chosen according to the discrepancy principle, the solution Ψ α of the minimization problem for M α [Ψ] can be considered as an approximate solution of (2).
Results of the reconstruction of the response function for the Seyfert galaxy NGC 7469 with the suggested approach based on observational K and V light curves in 2002 (Suganuma et al. 2006 ) are presented in Fig. 5 . The reconstructed response function has two peaks. Two peaks are also observed in the theoretical response function in Fig. 4 . Perhaps this is a characteristic feature of our proposed model. It will be of interest to investigate this in other objects. 
Cosmological applications
The ability to measure cosmological constants using the time delays of the near-infrared variability relative to the optical one was first mentioned by Kobayashi et al. (1998) and independently by Oknyanskij (1999 Oknyanskij ( , 2002 . At the same time it was first shown (Oknyanskij 1999 (Oknyanskij , 2002 Oknyanskij & Horne 2001 ) that for a number of AGNs the time delay of variability (in the K band) depends on the UV luminosity as τ ∝ L 1/2 UV in accordance with the theoretical result of Barvainis (1987 Barvainis ( , 1992 . In the recent publications Yoshii et al. (2014) and Hönig (2014) considered in detail the possibility of estimating cosmological parameters on the basis of measuring the dust sublimation radii in AGNs. Of particular interest is the ability to measure distances to objects with large redshifts, z. For large z it is necessary to take into account the possible dependence of the delays on wavelength in the IR range and to make any appropriate correction. The equation for such a correction was derived by Oknyansky & Horne (2001) on the basis of the theory (Barvanis 1987) and observational data available at that time. However, as we have found now, the IR delays do not depend significantly on wavelength for most AGNs. The significant difference in IR lags with wavelengths can be just a temporary, rare situation in particular objects, as happened in the case of NGC 4151 just when it was in its very high state. Therefore for most of cases for a wide range of z the IR lags can be easy corrected to the rest frame just by allowing for the time dilation (i.e., dividing by (1 + z)).
Conclusions
We find that most AGNs show at best only a small increase of lags in the J, H, K, and L bands. Just one object, GQ Comae (which is a high-luminosity AGN), probably has big differences in the IR lags (lag for L is about 3 times bigger than for K). A similar difference in IR lags was observed temporarily in NGC 4151 when it was in a very high state. Probably this big difference in IR lags is at epochs when the dust is intensively sublimated. During more normal times when the dust region is located much farther out than the sublimation distance, the time lags are about the same.
Our model with hollow bi-conical outflow of the dust clouds does not contradict to the existence of the dust torus. Moreover, the torus and accretion disc in the model are needed to block the IR light from farther part of the conical outflow. Also the torus can be a reservoir for the dust in the outflow.
In the Table 1 , a significant number of the objects (5 out of 11) with similar IR lags have been observed to change their Seyfert type. This could just be the result of these objects having been studied particularly well. At the same time our model can explain cases of changing Seyfert type. In the very low luminosity states of some objects, when they look like Seyfert 2s, dust creation can commence in the gas clouds in the hollow of the conical outflow. So the thickness of the conical shell with dust clouds will be bigger and some of the dust clouds can be on the line of sight and block the broad line region from view and the object will be classified as a type 2 (see the same idea for the torus model in Mason 2015).
Our model can explain not only the similar IR lags at different wavelengths but also the high correlation values for IR and optical variations. Furthermore, the model can better explain the observed luminosity in IR since the IR-emitting region (i.e., the dust cone) has a higher covering factor and hence is getting more UV radiation than in the case of the flat compact IRemitting region.
Finally, we note that the relative wavelength independence of time lags in the IR simplifies the use of these time delays to estimate luminosities and hence estimate cosmological parameters. 
